In this work, we report the thermodynamic and ultrasonic properties of ascorbic acid (vitamin C) in water and in presence of newly synthesized ammonium based protic ionic liquid (diethylethanolammonium propionate) as a function of concentration and temperature. Apparent molar volume and apparent molar isentropic compression, which characterize the solvation state of ascorbic acid (AA) in presence of protic ionic liquid (PIL) has been determined from precise density and speed of sound measurements at temperatures (293.15 to 328.15) K with 5 K interval. The strength of molecular interactions prevailing in ternary solutions has been discussed on the basis of infinite dilution partial molar volume and partial molar isentropic compression, corresponding volume of transfer and interaction coefficients. Result has been discussed in terms of solute-solute and solute-solvent interactions occurring between ascorbic acid and PIL in ternary solutions (AA + water + PIL).
Introduction
Ionic liquids (ILs) are molten salts with melting point below 100°C. ILs have unique physicochemical properties such as broad liquid temperature range, negligible vapor pressure, wide electrochemical window,high thermal stability, and high specific solvent abilities [1] [2] [3] [4] [5] . The thermo-physical properties of ILs can be tuned by appropriate selection of cation and anion, as a result ILs can be made biocompatible and these are found to be very attractive in various analytical applications, particularly, in the fabrication of various modified electrodeswhichcan be used to extract chemicals or compounds (synthetic colors) from food samples. Reports are available [6] [7] [8] [9] [10] [11] [12] were ILs have been used for the extraction of Sudan and Para Red dyes from chilli powder employinghigh performance liquid chromatography (HPLC), thus showing potential application of ILs in food industries [10] [11] [13] [14] [15] .
Chailapakul et al. [16] have used IL based carbon electrode for the analysis of sudan I, sudan II, sudan III and sudan IV. Recently, a novel carbon composite electrode of an IL (n-octylpyridinum hexafluorophosphate) and single-walled carbon nanotube (SWCNT) was designed to determine the levels of ascorbic acid from food samples [11] . Ionic liquids have also been proposed as an effective compound to be used in the formation of aqueous biphasic system (ABS) [17] [18] . ABS are considered as an alternative to liquid-liquid extraction techniques, as ABS are being used as powerful technique in bioseparation processes, purification, extraction and enrichment [18] [19] . ABS with ILs in combination with salts, amino acids, polyhydroxy compounds (saccharides), and polymers has been reported [18] [19] [20] [21] [22] [23] [24] . More recently, it has been reported [25] that the ABS employing ILs with various solutes (saccharides, amino acids, vitamins, etc) requires reliable and systematic thermodynamic data. The acquaintance of thermodynamics of ILs in aqueous solutions with various biomolecules (saccharides, amino acid, etc) is of crucial importance to improve the process design and to understand the molecular interactions between ILs and biomolecules, thus serving with the design of ABS systems.
Furthermore, the increased utilization of ILs for various applications (chemical or separations processes) requires accurate determination of thermodynamic data [25] . The nature and strength of interactions between AA and various co-solutes (electrolytes, non electrolytes, surfactants etc.) have been studied [26] [27] [28] [29] [30] [31] by evaluating the thermodynamic properties of ternary systems (AA + water + co-solutes). These thermodynamic properties are useful in characterizing the solvation behaviour of vitamins and to further understand solute-solute and solute-solvent interactions [32] [33] . Ascorbic acid (vitamin C) one of the most important vitamin for human health and nutrition, is found in fruits and vegetables [34] [35] [36] [37] [38] [39] . It is a sugar acid, having antioxidant properties and can prevent or treat common cold and scurvy. It also acts as a cofactor and thus maintain activity of various enzymes [26] [27] 32, [40] [41] . The degradation of AA is very important and is considered to be the major cause of color and quality change during storage or processing of food materials [40, 42] .
However, to the best of our knowledge there is no report on thermodynamic and ultrasonic properties of AA in aqueous solutions of ammonium based protic ionic liquid (PIL) as a function of concentration and temperature. So, in order to understand the molecular interactions occurring between AA and PIL, we report herein the volumetric propertiesof AA in aqueous solutions of newly synthesized protic ionic liquid i.e. diethylethanolammonium propionate ([DEEA][Pro]) at different temperatures (293.15 to 328.15) K. Various parameters such as partial molar volumes and isentropic compression, transfer volumes, interaction coefficients, and thermal expansion coefficients have been evaluated and discussed in terms of solute-solute and solute-cosolute interactions.
Materials and Methods

Materials
Ascorbic acid (mass fraction purity; 0.99) was purchased from Sisco Research Laboratory Pvt. Ltd. India, N,N-diethylethanol amine (0.99), propanoic acid (0.99)and methanol (0.99) were purchased from Sigma Aldrich. AA was used after drying in a vacuum desiccator (over anhydrous CaCl 2 ) for 48 h at room temperature and all the other chemicals were used without further purification.
Synthesis and characterization of ([DEEA][Pro])
PIL, ([DEEA] [Pro]) was synthesized by exothermic neutralization of bronsted acid (propanoic acid) by base (N,N-diethylethanol amine). To10 ml of methanol, N,N-diethylethanol amine (0.1mol) was added in round bottom flask and this mixture was kept in ice bath for few minutes. Further, propanoic acid (0.11mol) was added slowly and drop wise (by using dropping funnel) to the above reaction mixture. Addition of acid was completed in 2 hrs at a temperature below 5°C and then reaction mixture was stirred continuously for 24 hrs at room temperature. The excess amount of starting material and solvent were removed by putting the reaction mixture into rotavapor for 4 hrs. The resultant product (PIL) was dried at room temperature under high vacuum for 36 hrs, in order to remove moisture and excess of amineand further IL was kept in N 2 atmosphere.
Synthesized PIL was characterized by 1 H NMR, 13 ), δ = 3.863ppm (t, 2H), δ = 3.049ppm (q, 3H), δ = 2.972ppm (t, 2H), δ = 2.287ppm (q, 2H), δ = 1.250ppm (t, 6H) and δ = 1.119ppm (t, 3H). IR was recorded using KBr disk, the JASKO FT/IR-4100 spectrometer has a maximum resolution of 0.9 cm -1 and signal to noise ratio of 22000:1. The IR broad band appeared in range of 3400-2800 cm -1 correspondsto the characteristic ammonium peak, ν(N-H) and ν(O-H) stretching vibration. The broad band centered around 1600 cm −1 corresponds to the characteristic carbonyl, ν(C = O) stretching and δ(N-H) plane bending, vibrations. The Karl Fischer titrator from Analab (Micro Aqua Cal 100) was used to measure the water content. This instrument operates on conductometric titration principle using dual platinum electrodes that permits detection of water content from less than 10 ppm to 100%. The water content in the synthesized [DEEA] [Pro] was % 7000 ppm. The amount of water present in PIL has been taken into account for the molality correction of stock solutions (water + PIL).
Density and speed of sound
The vibrating-tube digital density meter and sound velocity analyzer (Anton Paar, DSA 5000M) was used to measure simultaneously the densities, ρ and speeds of sound, u of AA in water and in m B (molality of PIL) = (0. . At regular intervals, instrument was calibrated at atmospheric pressure with dry air and deionized, double distilled, and freshly degassed water according to the procedure mentioned in the instrument manual. The uncertainties in the measurement of density and speed of sound were ± 7×10 -3 kgÁm -3 and ±0.5 mÁs -1 , respectively.
The solutions were made fresh in Millipore quality freshly degassed water on mass basis in air tight glass vials by using Sartorius balance (Model CPA225D) having a precision of ±0.01 mg. The uncertainty in molality was ± 1.03Á10 -5 molÁkg -1
.
Results and Discussion
Apparent molar volume and apparent molar isentropic compression
The understanding of molecular interaction between a solute and solvent (water) andthe packing efficiency of solute within the structure of water has been studied in aqueous [43] [44] and mixed aqueous solutions [3, [45] [46] [47] . The packing efficiency of a solute which is governed by solute-solvent interactions can be measured by employing apparent molar volume. Apparent molar volume is smaller for heavily hydrated molecules as compared to those which are weakly hydrated, and this may be due to greater interaction of solute molecules with water [48] . The solvation behaviour of a solute has been studied by two most important parameters i.e.apparent molar volume, V 2,ϕ and apparent molar isentropic compression, K s,2, ϕ. In this study, the apparent molar volume, V 2, ϕ and apparent molar isentropic compression, K , u (u) = 0.5 mÁs (Table 1) by using the following Eqs (1) and (2): 
Infinite dilution partial molar volume and partial molar isentropic compression
Infinite dilution partial molar volume(V 2°= V 2°,ϕ )and partial molar isentropic compression(K°s ,2 = K°s ,2,ϕ ) has been evaluated by least-square fitting to the corresponding data as Eqs (3) and (4):
where S v and S K are respective experimental slopes. Apparent molar volume, V 2,ϕ of AA in water has been reported by various workers [33, [49] [50] [51] [52] and in few reports,V 2,ϕ values were determined without considering the ionization of AA. Ayranci et al. [33] studied the volumetric properties of AA in 0.01 M HCl solutions, by suppressing the ionization of AA. A modified Debye-Huckel equation was proposed by Hakin, Mudrack, &Beswick [49] to consider the partial dissociation of AA in water, since at high concentration of weak acid, degree of hydrolysis is small, later some workers reported the volumetric properties of AA in water [50] [51] [52] without considering the dissociation of AA. Dhondgeet al. [40] have reported that at low concentration the effect of hydrolysis of AA on volumetric properties are assumed to be negligible (as it lies in the range of uncertainties), whereas at high concentration it is smaller due to decrease in the degree of hydrolysis. In this work, V 2,ϕ values of AA were determined by assuming that the effect of hydrolysis of AA on apparent molar volume is very small and negligible [40] . The V 2°a nd K°s ,2 values of AA in water agree well the literature values [32, 29, 33, [49] [50] 52] and are given in Tables 2 and 3 ) and AA, which may be due to the dominance of hydrophilic-ionic interactions. Both negative and positive K°s ,2 values were observed for AA in water and also in presence of [DEEA] [Pro],which increase with concentration of PIL and temperature, thus indicating reduction in the electrostriction.
The influence of PIL on solvation behaviour of AA can be studied on the basis of partial molar volumes of transfer, (Δ t V 2°a nd Δ t K°s ,2 ), which is considered to be free from solute-solute interactions, and werecalculated using Eq (5):
where Δ t X 2°= (Δ t V 2°o r Δ t K°s ,2 ), X 2°= (V 2°o r K°s ,2 ), the plot of Δ t V 2°v ersus m B has been illustrated in Fig 2a and Δ t K°s ,2 versus m B in Fig 2b. The transfer parameters (Δ t V 2°a nd Δ t K°s ,2 ) are positive and increase with concentration of newly synthesized PIL (synthesis is shown in Fig 3) and temperature. The Δ t V 2°v alues increase with cosolute (PIL) concentration, however a slight decrease in Δ t V 2°v alues from m B % (0.10 to 0.15) molÁkg −1 have been observed, whereas Δ t K°s values. The observed difference may be due to the fact that apparent molar isentropic compression is more sensitive parameter as compared to apparent molar volume [44] in measuring the structural changes occurring in solutions. Ascorbic acid has a five membered ring containing two carbonyl groups and exists as [53] conjugate ene-diol (having two unstable keto form and one stable ene-diol form) as shown in (Fig 4) . AA contains two acidic protons, namely, H α and H β (I of Fig 4) , on dissociation of any of these protons, ascorbate ion is formed. The stability of respective ascorbate ion formed determines the acidity of proton (H α or H β ). As shown in Fig 4, structure A has one more equally contributing resonating structure B [53] , therefore the stability of conjugate base on removal of H β is more (shown in I of Fig 4) as compared to conjugate base generated on removal of H α (shown in II of Fig 4) . The carboxylate anion of [DEEA] [Pro] will probably interact more strongly with H β (most acidic hydrogen), which may be responsible for positive transfer volumes (Δ t V 2°o r Δ t K°s ,2 ), further, it has been observed that these interactions dominate over the whole concentration range of PIL. Aryanci et al. [33] studied the solvation behaviour of AA in aqueous sodium chloride solutions (in 0.01 M HCl) and they observed no regular trend in Δ t V 2°v alues for AA, and suggested that the irregular trend in Δ t V 2°v alues indicate the presence of complex interactions between solute and cosolute in aqueous NaCl solutions (containing background 0.01 M HCl). However, in the present study, regular trend observed in Δ t V 2°a nd Δ t K°s ,2 values suggest that with increase in PIL concentration and temperature, the hydrophilic-ionic types of interactions become more favorable.
The Δ t V 2°a nd Δ t K°s ,2 values can be interpreted in terms of structural interaction model [54] and group additivity model [55] . According to these models [54] [55] [Pro] and hydrophilic groups (-OH,-C = O, and-O-) of AA, which leads to a decrease in structure-breaking tendency of ion and thus reduction of electrostriction. Transfer volumes (Δ t V 2°a nd Δ t K°s ,2 ) increase with cosolute concentration and temperature, which indicate dominance of hydrophilic-ionic interactions (type b) over hydrophobic type of interactions. The positive Δ t V 2°v alues of AA in presence of NaCl [33] and in PEG3350 [29] have also been reported,which also suggests the dominance of hydrophilic type of interactions.
Thethermal expansion coefficients (@V 2°/ @T) P and its second derivatives (@ 2 V 2°/ @T 2 ) P have been calculated by using the following Eq (6):
where ν o , ν 1 and ν 2 are constants. The derivative of V 2°w ith respect to temperature at constant pressure i.e. (@V 2°/ @T) P for AA in water and in presence of [DEEA] [Pro] is given in Table 4 .
Hepler [56] used a mathematical equation, to deduce information regarding structure-making or-breaking ability of an ion in solution. According to Hepler's [56] criteria: (
2 ) P values obtained for AA in water and in aqueous PIL solutions suggest that AA behave as structure breaker (chaotropes). Banipal et al. [32] and Dhonge et. al. [40] have also reported that AA behaves as structure breaker in water.
Interaction coefficients
Pair (Y AB ) and triplet (Y ABB ) volumetric and compressioninteraction coefficients have been calculated from corresponding volume of transfer (Δ t V 2°o r Δ t K°s ,2 ) based on McMillan-Mayer theory [57] of solutionsby using Eq (7): 
